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INTRODUCTION

The bone remodeling cycle is known to be intimately involved in the metabolic homeostasis of
mineral balance.!" Bone formation and the remodeling cycle have been shown to be essential in
maintaining the structural integrity of skeletal tissue in response to the mechanical loading to
which it is subjected. > Bone remodeling has also been hypothesized to provide the means of
repairing bone tissue that has been damaged as a result of mechanical fatigue.® Thus, it may be
speculated that the skeletal cells (osteoblasts and osteoclasts) which mediate the remodeling
process are regulated by their mechanical environment. In order for osteoblasts to respond to
their mechanical environment, they must in some way sense it. One mechanism by which cells
sense mechanical signals is through the physical deformation of the tissue. The hypothesis of
this proposal is that specific cell surface receptors (integrins) that interact with specific
extracellular matrix proteins (collagen, osteopontin, bone sialoprotein, and fibronectin) provide
the physical link through which mechanical stimuli are transmitted via tissue deformation. Asa
corollary to this hypothesis we propose that the extracellular proteins that are ligands for these
receptors are themselves regulated in response to cellular interaction with both the matrix and
mechanical stimulation. Thus, these proteins act both like autocrine factors that modify cell
behavior in response to changes in matrix composition and mechanical deformation, as well as
having a structural role in the matrix itself. Maintaining the balance of the extracellular matrix
composition within bone then provides a mechanism by which the structural homeostasis of the
skeleton may be regulated. This hypothesis and the published data that supports it are found in
our review article published in 1999. 2 ’

The experiments that are being carried out with the support of this grant are designed to
define how osteoblasts discriminate at a molecular level, and how mechanical stimuli and
cellular interactions with the extracellular matrix are transduced through integrin receptors and
converted to intracellular signals that lead to genomic changes. These experiments define
whether different integrin ligands use common mechanisms in the regulation of their response to
these stimuli. A determination of the intracellular second signaling systems (Kinases) that are
responsible for mediating the altered gene expression of opn, bsp and fn to mechanical
stimulation are being determined, both by assessing which kinases are activated and through the
use of specific inhibitors that block the actions of the different kinase systems. A determination
of the specific integrin isotypes that are involved in the different signal transduction processes
has been made. Other experiments are examining if individual gene responses are differentially
sensitive to various aspects of the mechanical stimuli (intensity, frequency, duration) or have
different thresholds of response to different component parts of the stimuli.

BODY (Goals as Defined in Original Proposal)

Goal 1. The first goal of this proposal is directed at defining the molecular mechanisms of signal

transduction by which mechanical stimulation regulates the expression of three specific ECM

genes (osteopontin, bone sialoprotein and fibronectin) within osteoblasts. These studies will test

whether there are common signal transduction pathways that mediate changes in the expression

of these genes in response to mechanical stimulation.

a) The involvement of specific integrin isotypes in the mechano-signal transduction process
that mediates these gene’s genomic responses to mechanical stimulation will be assessed.
Year 1
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b) The mechanistic relationship between the signal transduction pathways that are activated by
mechanical stimulation vs. cell adhesion will be examined years 2-3

c) The nature of the second signal transduction pathways that mediate the changes in
expression for each of these genes will be determined. Years 2-3

The effect of cell adhesion on the expression of these genes was separately examined to
determine if this stimuli would mimic the effects of the mechanical stimulation. All three genes
also showed comparable levels of induction in response to adhesion on the fibronectin coated
surfaces in comparison to non-coated surfaces with maximal levels of induction seen for bsp and
opn at 24 hours after plating while fr showed maximal levels of stimulation at 8 hours.
Interestingly, while both opn and fn mRNA expression returned to base line after cell adhesion
on fibronectin, bsp mRNA levels remained elevated. Examination of the signal transduction
pathways that mediated the gene expression in response to attachment on fibronectin coated
surfaces showed that both genistein and cycloheximide inhibited the induction of all three genes.
This demonstrates that a tyrosine kinase was involved in the cell attachment mediated induction
of these genes, and new protein synthesis was a prerequisite to this process. In contrast, the PKA
specific inhibitor H-89 only ablated the induction of fi expression. Depolymerization of either
microtubules or microfilaments with colchicine or cytochalasin D respectively had little effect on
the over all expression of these genes in response to cell adhesion, indicating that the adhesion
mediated phenomena was not dependent on cytoskeletal integrity. In summary, these results
show that both mechanical stimulation and cell adhesion specifically stimulated the expression of
integrin binding proteins. These results further demonstrate that while there are common
features in the signal transduction processes that mediated the induction of these genes, each
gene was separately induced by unique mechanisms. A complete description of these results is
in a manuscript that was submitted and is now in revision for publication. Carvalho RS,
Schaffer JL, Bumann A. and Gerstenfeld LC. RGD containing proteins of osteoblasts are
responsive to mechanical stimulation and matrix attachment. (submitted in 1999 and under
revision)

In our second study, we examined three interrelated relationships pertaining to osteoblast
adhesion and the transduction of molecular signals. This study is described completely below.
The first aspect of this study was to define if osteoblasts have variable adhesion properties to
different integrin ligands. The second component of the study was to define the relationship
between the selective adhesion of the osteoblasts on the different ligands with the induction of
specific second signal kinase activities. The final aspect of this study was to determine if
osteoblat adhesion to specific integrin ligands would show specific induction of opn mRNA
expression. The first series of experiments of this study are depicted in Figure 1, Panels A and
B. These data show that three different extracellular matrix proteins, fibronectin (FN), fibrillar
collagen type I (C), and denatured collagen type I gelatin (G), promote selective adhesion,
whereas three other proteins, laminin (LN), osteopontin (OPN), and vitronectin (VN), did not.
Bovine serum albumin (Al) was used as a control and is included in Panel B. As can be seen
from this study, fibronectin was the most effective protein at promoting selective adhesion. Both
native and denatured type I collagen also promoted selective attachment, but unlike fibronectin,
both native and denatured collagen showed saturation at between 1 and 3p1g/cm2 of surface
coating. In contrast, fibronectin did not show saturation in promoting cell adhesion until about
30pg/cm?(data not shown). These data demonstrate that osteoblast adhesion is specifically
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Figure 1. Relationship of ligand concentration to cell attachment. Bacterial petri dishes were coated
with 0, 0.1, 1.0, 30 and 10 pg/cm’ of each of the proteins. G=gelatin, denatured collagen,
VN=vironectin, FN=fibronectin, OP=osteopontin, Al=bovine serum albumin, C=fibrillar collagen,
native collagen, PL=polyL-lysine. Attachment was for 4 hours. Values were calculated as the total
number of cells attached per cm® of coated surface area.

promoted by B1 but not by B3 containing integrins. They also suggest that there is a further discrimi-
nation between the individual integrin ligands since laminin did not strongly mediate cell adhesion.

The relationship of cell adhesion to the induction of specific intracellular kinase activities was

next examined. (Figure 2 Panels A and B). In this study cell adhesion was carried out at a fixed con-
centration of coating (10 pg/cm?) for one hour. These results are depicted in Figure 2, Panel A. Pro-
files of selectively mediated attachment of the embryonic osteoblasts was seen after only 60 minutes,
comparable to the profiles seen in Figure 1, which had assessed attachment after four hours. The se-
lective induction of two classes of kinases (PKA and PKC) that are involved in second signaling were
then determined in parallel cultures that were identically prepared. It is interesting to note that attach-
ment to fibronectin showed induction of both PKA and PKC activities, while native collagen showed
the strongest induction of PKA with no induction seen for PKC. In contrast, while osteopontin did not
promote cell adhesion, it did stimulate PKA activity, while denatured collagen and laminin both
strongly inhibited PKA activity. These results show that specific effects on second signal kinase activi-
ties are dependent on the specific ligand interactions and not the processes of cell adhesion. Indeed,
the strong inhibitory effect of denatured collagen on both PKA and PKC kinase activities while at the
same time promoting cell adhesion, suggests that the biological processes that are mediated by these
ligands are related to the structural conformation of these ligands and their interactions with specific
receptors. Thus the processes of cellular adhesion most likely can be mediated solely through the RGD
or other small integrin binding motiffs, but the down stream activation of intracellular signaling re-
sponses are specifically related to the structural conformations of the intact ligands .

The specific effects of fibronectin mediated cell adhesion on three structural and enzymatic

components found with focal adhesion complexes were next assessed (Figure 3). In these studies the

6




intracellular distribution and quantities of focal adhesion kinase, pTyrosine and vinculin, were examined
after adhesion on surfaces coated with either polyL-lysine or fibronectin. These data showed that adhe-
sion to surfaces coated with either molecule did not appear to either alter the general intracellular local-
ization or quantities of focal adhesion kinase or vinculin within an hour period. On the other hand
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Figure 2 Relationship of Ligand Mediated Adhesion and Second Signal Kinase Activity. Panel A.
Percent osteoblast attachment on selective protein coating. Petri dishes were coated with 2 pg/cm? of
each of the proteins. G=gelatin, denatured collagen, VN=vironectin, FN=fibronectin,
OP=osteopontin, Al=albumin, C=fibrillar collagen, native collagen, PL=polyL-lysine. Attachment
was for 1 hours. Values were calculated as the percentage of cells on the experimental surfaces rela-
tive to the cell numbers observed on the polyL-lysine coated dishes.

Panel B Kinase activity after adhesion on selective protein coatings. General PKA and PKC activi-
ties were measured using specific fluorescent substrates. Enzyme activities were first normalized per
total protein content used in each assay. Values were then calculated as the percentage of activities
seen in the cells plated on the polyL-lysine coated dishes.
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Figure 3. Intracellular response to adhesion on fibronectin. Cells were allowed to adhere to either
polyL-lysine or fibronectin for 4 hours. The intracellular localization of focal adhesion kinase(FAK),
P-Tyrosine,(Ptyr) and vinculin (VINC) were visualized by immunocytochemical analysis with selec-
tive antibodies to each of the three molecules.
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there was a strong induction of p-tyrosine levels and a generalization of its distribution
throughout the cells after adhesion was promoted with a specific integrin binding ligand. These
data then re-enforce the conclusions reached in the experiments depicted in figure two that
suggest that the induction of intracellular kinase activities are related to the specific nature of the
ligand’s interactions with its receptor and less with the process of cellular adhesion alone.

The last set of experiments of this study examines the relationship between osteoblast
adhesion on specific ligands and the induction of specific genomic changes, using osteopontin
mRNA levels as a marker of genomic regulation. These studies are depicted in figure 4.

As can be seen in this figure, the induction of increased osteopontin mMRNA expression was seen
as early as four hours after the cells had been allowed to adhere and continued to increase up to
24 hours. It is interesting to note in this study that once again native fibrillar collagen,
fibronectin and to a lesser extent laminin induced osteopontin gene expression to increase.
These results suggest that the same integrin receptors that facilitate specific cell attachment also
facilitate the induction of osteopontin expression. It is also interesting to note that neither
osteopontin nor vitronectin mediated either of these cell responses, suggesting that they are not
facilitated through a o, receptor. The one difference that was observed, however, was in the
comparison of cell attachment on denatured collagen vs. the induction of osteopontin. This
result again suggests that signal transduction through the collagen receptor is only mediated
when it interacts with native collagen.

Goal 2 The second goal of these studies will determine the relative importance of each
component part of the mechanical stimuli (intensity, frequency and duration) to the mechano-
signal transduction process.

a) The component of the mechanical stimuli (intensity, frequency, and duration) that is
responsible for producing the signal transduction, which leads to the genomic regulation of
specific genes in osteoblasts, will be examined. Years 1-2

b) Short term (<24hr) vs. chronic (>72hr) adaptive responses of osteoblasts to variations in
duration of mechanical perturbation will be defined. Years 3

Towards the completion of goal two, initial studies had been carried out last year by a masters
student, Emily Samuels, to determine the component part of mechanical stimuli that would
induce changes in osteopontin gene expression. In these preliminary studies we analyzed
duration and frequency of the mechanical stimulation and examined the effect of fluid flow-
induced shear stress on osteopontin expression. Using our device that delivers spatially uniform
biaxial strain to a membrane surface, osteoblasts were subjected to 1% strain for 1,5,15,30
minutes and 1,2,4,and 8 hours of strain. Analysis of the induction of osteopontin mRNA
expression demonstrated that a maximal 145% induction was observed after 8 hours. (p.<0.05).
Osteoblasts were then subjected to varying frequencies of strain (0.1, 0.25, 0.5 and 1 Hz) for 8
hours. There was clearly a 2-3 fold stimulation in response to increasing frequency again with a
significant finding (p<0.05). The effect of fluid induced shear stress was examined in the third
part of this study. This was accomplished in the following manner. The membrane was cut into
two equal areas that encompassed the inner and outer circular areas of the membrane. The cells
were then subjected to an 8 hour period of mechanical stimulation at the same variations in
frequency as used in the first part of these studies. Because of the way the device generates its
strains the inner circular area has several fold lower fluid flow than the outer areas. Similarly
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Figure 4 Induction of osteopontin expression in response to cell attachment on various ECM
proteins. Panel A: Osteopontin expression was measured by Northern blot analysis and the
band intensities were normalized to the 18S band. PL=polylysine, G=gelatin, denatured col-
lagen, COL=native fibrillar collagen, FN= fibronection, LN=laminin, VN=vitronectin,
OPN=osteopontin. Panel B: Graphical measurement of osteopentin mRNA induction in re-
sponse to cell adhesion. Left panel shows percent induction after four hours and right panel
after 24 hours. The nature of the protein coatings are denoted in the figure Error bar repre-
sents the S.E. of northern blots performed on mRNAs from experiments performed on three

separate sets of cells.
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higher frequencies will generate higher fluid flows, thus the combination of inner and outer areas
with increasing frequency of strain should produce several orders of magnitude greater fluid
movement. Analysis of osteopontin mRNA production, however, showed that only the highest
frequency (1 Hz) generated altered levels of osteopontin expression when comparing the inner
and outer areas of the membrane. These results also showed that it was inversely related to the
levels of fluid flow. Thus, the inner areas had the higher levels of osteopontin induction. These
results were completely opposite to the hypothesis that fluid shear stress was the major
mechanical stimulation that facilitated osteopontin expression. These results also would lead to
questions as to whether Ca flux through stress activated channels was a component part of the
signal transduction mechanisms that induced osteopontin expression as has been suggested by
other research groups.® We are currently repeating all of these initial studies to verify these
results.

KEY RESEARCH ACCOMPLISHMENTS

1. We have completed almost all of the experiments outlined in goal one.

2. We have partially completed the components of goal two and are currently repeating a number
of experiments that we have initiated in year one.

Reportable Outcomes
Manuscripts, Abstracts, and Presentations

Manuscripts:

a) Carvalho, RS, Schaffer, JL, Bumann, A, and Gerstenfeld LC. Integrin Ligands Expressed by
Osteoblasts Show Preferential Regulation in Response to Both Cell Adhesion and Mechanical

Stimulation. (submitted in 1999 and in revison)

b) Carvalho, RS. Kostenuck, P, Bumann, A, Salih, E,and Gerstenfeld LC Integrin Specific
Mediation of Cell Attachment, Second Signal Kinase Activity, and Induction of Osteopontin
mRNA Expression. (Manuscript in prepartion)

Absrtacts: None.

Patents: None

Degrees obtained that are supported by this award: None

Development of cell lines, tissue or serum repositories: None

Informatics such as databases and animal models, etc: None

Funding applied for based on work supported by this award: None

Employment or research opportunities applied for and/or received on experiences/training
supported by this award: None
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CONCLUSIONS

The major conclusions from the first year of funding of this proposal are as follows:

1. Integrin ligands as a class are induced in osteoblasts in response to mechanical stimulation
and adhesion. Such findings provide strong evidence to support the hypothesis that these
molecules act like autocrine or paracrine factors.

2. Cell adhesion of osteoblasts is specifically mediated by B1 class of integrins. This same class
of integrins appears to be responsible for the signal transduction process that stimulates
osteopontin induction. The B3 integrin ligands vitronectin and osteopontin neither mediate
specific adhesion or induce osteopontin gene expression, but they do selectively induce specific
kinase activities.

3. Component aspects of the mechanical stimulation do effect the induction of the gene. Both
duration and increasing frequency clearly appear to increase response to the mechanical signal.
Shear stress induced by fluid flow does not appear to be a mediating factor in osteopontin
induction in response to mechanical stimulation.
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